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Abstract
We report measurements of the induced polarization ~P of protons knocked out from 2H and 12C via the A(e, e′~p ) reaction.
We have studied the dependence of ~P on two kinematic variables: the missing momentum pmiss and the “off-coplanarity”
angle φpq between the scattering and reaction planes. For the full 360◦ range in φpq, both the normal (Py) and, for the
first time, the transverse (Px) components of the induced polarization were measured with respect to the coordinate system
associated with the scattering plane. Px vanishes in coplanar kinematics, however in non-coplanar kinematics, it is on the
same scale as Py.
We find that the dependence on φpq is sine-like for Px and cosine-like for Py. For carbon, the magnitude of the induced
polarization is especially large when protons are knocked out from the p3/2 shell at very small pmiss. For the deuteron, the
induced polarization is near zero at small |pmiss|, and its magnitude increases with |pmiss|. For both nuclei such behavior is
reproduced qualitatively by theoretical results, driven largely by the spin-orbit part of the final-state interactions. However,
for both nuclei, sizeable discrepancies exist between experiment and theory.
1 Introduction
Within the shell model a spin-orbit term is required in the
mean-field potential of atomic nuclei in order to explain the
energy splitting of the single-particle levels for reproducing
the magic numbers [1–3]. The spin-orbit interaction also
plays an important role in optical potentials which describe
scattering processes. These have a strong influence in the
final-state interactions (FSI) affecting quasi-free A(e, e′~p )
scattering [4–8], as well as various other types of scattering
processes [9–12].
In elastic ep scattering, within the one-photon-exchange
approximation, the induced polarization of the proton van-
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ishes. Consequently, it is the FSI which in the A(e, e′~p )
reaction gives rise to a non-vanishing induced polarization
of the knocked-out proton. In view of the fact that it is
largely insensitive to details of the nucleon electromagnetic
form factors, the induced polarization serves as an effec-
tive probe of FSI effects in quasi-elastic A(e, e′~p ). Here we
present measurements of the induced polarization of quasi-
elastic protons from 2H and 12C over a wide range in the
missing momentum, pmiss.
Previous measurements of the normal component, Py, of
the induced polarization have been performed at MIT-Bates
on 2H [13] at low pmiss and 12C with large pmiss in coplanar
kinematics [14]. Measurements of Py were also performed
on 4He at Jefferson Lab (JLab) [15, 16] over a wide pmiss
range.
In Ref. [14], it was found that the induced polarizations
of protons knocked out from the s shell of 12C show a dif-
ferent behavior from those knocked out of the p shell. This
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difference was attributed to the spin-orbit (L · S) interac-
tion. The measured values of Py for 2H at low pmiss in [13]
were much smaller than those measured for other nuclei in
[14–16]. All measurements prior to those reported here were
restricted to almost-coplanar geometry.
The induced polarization measurements presented here
were performed at the Mainz Microtron (MAMI), during
four run periods from 2012-2017. Our measurements for
both nuclei cover a large range in missing momentum, pmiss,
and the full 360◦ range in the off-coplanarity angle, φpq
(See Fig. 1). Calculations predict a dependence of the in-
duced polarization on φpq largely due to the L·S interaction
which hitherto has been unexplored. Our 2H data greatly
extend the range in pmiss compared to the previous mea-
surements in [13], while our 12C data significantly improve
the statistical precision and the range in φpq compared to
the existing data [14]. Furthermore, we measure not only
the normal component, Py, but also, for the first time, the
transverse component, Px, which vanishes in coplanar kine-
matics (φpq = 0◦ or 180◦). The transferred polarizations
measured in our experiments were reported in [17–19] for
2H and [20–22] for 12C.
Section 2 describes the experimental setup, the measured
reaction, and the kinematic settings. The data analysis
and extraction of the induced polarization are described in
Sec. 3. The details of theoretical calculations, to which we
compare our data, are given in Sec. 4. We then present the
data for both nuclei and their dependence on pmiss and φpq
in Secs. 5 and 6, and conclude in Sec. 7.
2 Experimental setup and kinematics
The experiments were performed at MAMI using the A1
beamline and spectrometers [23]. For these measurements,
a 600-690 MeV polarized continuous-wave electron beam
was used. The beam current was ≈10 µA. Due to the fre-
quent flipping of the beam helicity (about 1 Hz), the average
beam polarization in our event sample is zero, as verified
by internal checks on the data.
The targets used for the 2H and 12C measurements were
a 50 mm long oblong cell filled with liquid deuterium [17–
19] and a set of three 0.8 mm-thick graphite foils [20–22],
respectively. We also performed calibration runs using a
liquid hydrogen target.
Two high-resolution, small-solid-angle spectrometers
with momentum acceptances of 20-25% were used to de-
tect the scattered electrons and knocked-out protons in
coincidence. Each of these spectrometers consists of an
momentum-analysing magnet system followed by a set of
vertical drift chambers (VDCs) for tracking, and a scintil-
lator system for triggering and defining the time coincidence
between the two spectrometers.
The proton spectrometer was equipped with a focal-plane
polarimeter (FPP) with a 3-7 cm thick carbon analyzer and
a set of horizontal drift chambers (HDCs) [23, 24]. The spin-
dependent scattering of the polarized proton by the carbon
analyzer allows the determination of the proton polarization
at the focal plane. The polarization at the interaction point
is then determined by correcting for the spin precession in
the spectrometer’s magnetic field [24]. More details of the
experiment can be found in [17–22].
The kinematics of the measured reactions are shown in
Fig. 1. The electron’s initial and final momenta are ~k and
~k ′ respectively, which define the scattering plane of the re-
action. The reaction plane is defined by the momentum
transfer ~q = ~k − ~k ′ and the recoiling proton’s momentum
~p ′. We refer to the angle between the scattering plane and
the reaction plane as the “off-coplanarity” angle of the re-
action, denoted by φpq.
Following the convention of [15], we express the compo-
nents of the induced polarization ~P in the scattering-plane
coordinate system, such that yˆ is normal to the scattering
plane (along the direction of ~k × ~k ′), zˆ is along the direc-
tion of the momentum transfer ~q, and xˆ = yˆ× zˆ, forming a
right-handed coordinate system.
ϕpq
miss
Figure 1: Kinematics of the reaction with the definitions of the
kinematic variables.
The missing momentum ~pmiss ≡ ~q − ~p ′ is the recoil mo-
mentum of the residual nuclear system. Neglecting FSI,
−~pmiss is equal to the initial momentum of the emitted
proton, ~pi. We conventionally define positive and negative
signs for pmiss by the sign of ~pmiss · ~q.
Our 2H measurements were performed at six kinematic
settings, labeled A through F, with varying ranges of pmiss
and invariant four-momentum transfers Q2 = −q2. Settings
A and F were both centered at pmiss = 0, and have Q2 =
0.40 (GeV/c)2. Settings B and E covered large positive pmiss,
at Q2 = 0.40 and 0.65 (GeV/c)2, respectively. Settings C
and D covered small and large negative pmiss, respectively,
and were both at Q2 = 0.18 (GeV/c)2. Details are given in
Table 1.
Our 12C measurements were taken at two kinematic set-
tings. The first is the same Setting A of the deuteron mea-
surements (centered near pmiss = 0, at Q2 = 0.40 (GeV/c)2).
The second is Setting G, which covered a region of large neg-
ative pmiss at Q2 = 0.18 (GeV/c)2; this is similar to Setting
D of the deuteron measurements, except with a different
beam energy and the other kinematic variables modified
accordingly3.
3In our earlier publications [20–22] on 12C, this setting is referred to
as Setting B. We refer to this setting as Setting G in this work in order
to distinguish it from the Setting B of the deuteron measurements.
2
Table 1: The kinematic settings in the 2H(~e, e′~p ) and 12C(~e, e′~p ) measurements. The angles and momenta represent the central values for the
two spectrometers: pp and θp (pe and θe) are the knocked out proton (scattered electron) momentum and scattering angles, respectively. The
number of events passing the event selection cuts are also given.
Kinematic setting
A B C D E F G
Ebeam [MeV] 600 600 630 630 690 690 600
Q2 [(GeV/c)2] 0.40 0.40 0.18 0.18 0.65 0.40 0.18
pmiss [MeV/c] −80 to 75 75 to 175 −80 to −15 −220 to −130 60 to 220 −70 to 70 −250 to −100
pe [MeV/c] 384 463 509 398 464 474 368
θe [deg] 82.4 73.8 43.4 49.4 90.9 67.1 52.9
pp [MeV/c] 668 495 484 665 656 668 665
θp [deg] −34.7 −43.3 −53.3 −39.1 −33.6 −40.8 -37.8
Nucleus shell # of events passing cuts (×103)
2H 68 19 438 201 10 232 —
12C s1/2 268 — — — — — 274
12C p3/2 160 — — — — — 436
In each of the kinematic settings presented in this work,
the spectrometers’ reference trajectories form a parallel re-
action (~p ′ ‖ ~q ). However, due to the spectrometer accep-
tance, our data sample included reactions with θpq (the an-
gle between ~p and ~q ) up to ≈ 8◦, with the full 360◦ range
in the off-coplanarity angle φpq.
3 Data Analysis
3.1 Event selection
Software cuts were applied to the data, in order to ensure
good tracking, time coincidence, and event quality. These
cuts applied here are identical to those of the earlier publi-
cations [17–22] on the transferred polarization, unless oth-
erwise noted below.
We applied additional tracking cuts to the proton’s tra-
jectory, requiring it to be within the part of the spec-
trometer where the precession of the proton’s spin is well
known and the false asymmetry could be determined us-
ing dedicated elastic ep measurements. In order to reduce
false asymmetries, we also removed events where the pro-
ton would either be outside of the geometric acceptance of
the detector, or produce a hit on a malfunctioning channel
of the HDCs, if it had scattered in the azimuthally oppo-
site direction. Additionally, the polar angle ΘFPP of the
secondary scattering was required to be greater than 8◦ in
order to avoid spin-independent Coulomb-scattering events,
and less than 23◦ in order to improve the stability of the
false-asymmetry determination.
Following [17–19], we required the missing mass of the
2H(e, e′~p ) reaction to be consistent with the mass of a neu-
tron. For the 12C sample, we distinguish between protons
knocked out from the s and p shells, following [20–22], by
using cuts on the missing energy, Emiss in the reaction, de-
fined as [25]:
Emiss ≡ ω − Tp − T11B, (1)
where ω = k0 − k′ 0 is the energy transfer, Tp is the mea-
sured kinetic energy of the outgoing proton, and T11B is the
calculated kinetic energy of the recoiling residual system,
assuming it is 11B in the ground state. For the s-shell sam-
ple, we used the cut 30 < Emiss < 60 MeV, while for the
p-shell sample, we used 15 < Emiss < 25 MeV [20–22].
The p-shell cut accepts events in which the residual A−1
system is left in one of several discrete states, including the
ground-state of 11B as well as a few excited states. The s-
shell selection cut is much wider, comprising a broad range
within the continuum of unbound residual A− 1 states.
3.2 Polarization fitting
Before extracting the values of Px and Py for 2H and
12C, we first determined the false asymmetry using elastic
ep events (for which the induced polarization is expected
to be zero). This was accomplished by maximizing the log
likelihood
logL =
∑
events
log
1 + ~AT ·
 − sin ΦFPPcos ΦFPP
0
 , (2)
for the ep event sample, where ΦFPP is the azimuthal angle
of the secondary scattering and ~A is the false asymmetry in
the focal plane coordinate system, parameterized as
~A =
 ax0 + ax1φvthay0 + ay1θvth
0
 , (3)
where θvth and φvth are the incident angles of the proton
trajectory extrapolated from the VDCs to the HDCs. ax0 ,
ax1 , a
y
0, and a
y
1 are the fitted coefficients. We then extracted
the induced polarization for 2H and 12C by maximizing the
3
log likelihood
logL =
∑
events
log
1 + (aS · ~P + ~A)T ·
 − sin ΦFPPcos ΦFPP
0
 ,
(4)
where S is the calculated spin-transfer matrix for the proton
trajectory of the event, and a is the analyzing power of
the event (as determined by [26, 27]). ~P is the induced
polarization. We constrain Pz to be zero in order to improve
the stability of our fit. This constraint has a negligible
effect on the fitted Px and Py except in bins with very poor
statistics.
The corrections for false asymmetry are larger for Px than
for Py; the r.m.s. values of these corrections are ≈0.20 and
≈0.04 respectively. This is because |Ay| is generally larger
than |Ax|, and the off-diagonal terms of the spin-transfer
matrix, Sxy and Syx, dominate over the much smaller di-
agonal terms Sxx and Syy. Details of the false-asymmetry
determination, and the checks we used to validate its long-
term stability, may be found in the supplementary material.
3.3 Systematic errors
The systematic errors in these measurements are due to
a few sources, which are presented in Table 2. They are
dominated by the uncertainty on the false asymmetry of
the FPP. This is due to the limited statistics of the elastic
ep sample used to determine this false asymmetry, and it
contributes 0.012 to the systematic error on our corrected
results for 2H and 12C.
The analyzing power of the carbon secondary scatterer is
known to about 1% in this kinematic region [24, 26, 27]. It
leads to a relative error of the same size on each component
of ~P . The uncertainty on the precession of the proton’s spin
introduces an additional 0.4% relative error. The system-
atic error due to the uncertainty of the alignment between
the HDC and the VDC detector systems was investigated
to be less than 0.001, absolute, for both components. This
was determined by repeating the analysis with each of the
alignment parameters modified by plus or minus its uncer-
tainty. In a similar manner, we estimate the uncertainty on
both components due to the uncertainty on the kinematic
settings (i.e. the beam energy and the two spectrometers’
angles and momenta) to be about 0.001.
The software cuts, described in Sec. 3.1, introduce an ad-
ditional absolute uncertainty of ≈0.006 to the overall sys-
tematic error. This was determined by performing slightly
tighter cuts on each of the software cuts and then extracting
the polarization as described above. The systematic uncer-
tainty due to the cuts is then the quadrature sum of the
deviations between the measured polarizations with each of
the tightened cuts as compared to the standard set of cuts.
4 Calculations
For comparison, theoretical calculations of the induced
polarization for 2H and 12C have been performed. For 2H
we have used a non relativistic calculation [28] including a
Table 2: Sources of systematic errors on Px and Py . We distinguish
between sources of systematic errors that do not scale with Py (abso-
lute errors), and those that do (relative errors). The total systematic
errors are then ∆Px =
√
∆P 2x,abs + (∆Px,relPx)
2 and similarly for
∆Py .
∆Px,abs ∆Py,abs ∆Pxy,rel
False asymmetry 0.010 0.012 —
Software cuts 0.005 0.006 —
Detector alignment < 0.001 < 0.001 —
Kinematic setting 0.001 0.001 —
Precession — — 0.4%
Analyzing power — — 1.0%
Total 0.011 0.013 1.1%
2H(e, e′~p )
pmiss [MeV/c]
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MIT (Milbrath et al, 1998)
200 100 0 100 200 300
pmiss [MeV/c]
0.10
0.05
0.00
0.05
P y
Q2 = 0.65 (GeV/c)2
Set. A
Set. B
Set. C
Set. D
Set. E
Set. F
calc (no L S)
calc (full)
Figure 2: The measured components of the induced polarization
for 2H, Px (top panel) and Py (three lower panels for each Q2), as
functions of the missing momentum. Different symbols (color online)
represent different kinematic settings as shown in the inset of the
lowest panel. Grey open triangles indicate the measurements from
MIT-Bates [13], taken at Q2 = 0.38 and 0.50 (GeV/c)2, both with
pmiss centered at zero. The uncertainties shown are statistical only.
Systematic errors are discussed in Sec. 3.3. Theoretical results with
(without) the L · S part of the interaction are shown as solid black
(dashed, green online) curves.
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Figure 3: The measured induced-polarization components, Px (left panel) and Py (right panel) for 12C as functions of the missing momentum
compared to theory. Triangles (circles) refer to kinematic Setting A (G). Symbols that are open on the left (right) side refer to s-shell (p-shell)
removals, and are colored blue (red) online. The calculations with (without) the L · S potential are shown in solid black (dashed, green online)
curves.
realistic NN -potential, meson-exchange (MEC) and isobar
(IC) currents, and relativistic contributions (RC) of lead-
ing order. For the bound and scattering states the realis-
tic Argonne V18 potential [29] has been taken. As nucleon
electromagnetic form factors we used the parameterizations
from [30].
For 12C, calculations were performed using a program
[7] based on the relativistic distorted-wave approximation
(RDWIA) where the FSI between the outgoing proton and
the residual nucleus are described by a phenomenological
relativistic optical potential. The original program [7] was
modified [22] in order to account for non-coplanar kinemat-
ics, by including all relevant structure functions [6]. In the
RDWIA calculations, only the one-body electromagnetic
nuclear current is included. We chose the current oper-
ator corresponding to the cc2 definition [31], and we used
the same parametrization of the nucleon form factors [30] as
in the 2H calculations. The relativistic proton bound-state
wave functions were obtained from the NL-SH parametriza-
tion [32] and the scattering states from the so-called “demo-
cratic” parameterization of the optical potential [33]
We found that for both nuclei, the calculated induced
polarization has very little sensitivity to the details of the
nucleon form factors. A change of 10% to the form-factor
ratio GE/GM in the calculations affects the induced polar-
ization by less than 0.005.
In order to examine the influence of the L · S interaction
on the induced polarization, we repeated these calculations
while switching off this part of the potential. As we will
show in Secs. 5 and 6, the L ·S interaction is the dominant
source of the induced polarization.
5 Missing-momentum dependence
We partitioned the 2H data for each kinematic setting
into bins by pmiss and extracted Px and Py for each bin
separately, and present the results in Fig. 2. The results
for Px (top panel) are consistent with zero within error.
The extracted values of Py, on the other hand, are near
zero at small pmiss and deviate from zero at large |pmiss|.
This is consistent with earlier measurements of Py from
MIT [13] (grey pentagons in Fig. 2), which show that for
|pmiss| < 60 MeV/c, the values of Py are consistent with
zero. The reason for this feature lies in the fact that for
pmiss = 0, which is the ideal quasi-free case, the influence of
FSI is very small, almost zero.
In order to compare with theory, we calculated Px and Py
for a sample of the 2H events which reflect the distribution
of events in the phase space at each kinematic setting and
took the average value by bins in pmiss, as shown in Fig. 2
by solid black curves. The calculations for Px vanish, while
those for Py are near zero at pmiss ≈ 0, but they become
increasingly negative at increasing |pmiss|. The Py calcu-
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0.10
0.15
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calc (no L S)
calc (full)
Figure 4: Comparison of the φpq dependence of the measured induced polarization components Px (left panels) and Py (right panels) for 2H to
the theory for selected kinematic settings. Symbols are explained in the inset of the right bottom panel. The calculations with (without) the L ·S
potential are shown as the solid black (dashed, green online) curves.
lations match the data very well except at large negative
pmiss (Setting D).
The theoretical results obtained by switching off the L ·S
interaction are presented as dashed (green online) curves in
Fig. 2. Similar to the complete calculation, the calculated
Px without the L · S interaction is essentially zero. For Py,
the corresponding difference between the full and no-L · S
calculation is large, indicating the important influence of
the L ·S interaction on Py. The theory appears to describe
the data quite well except for Py in Settings C and D.
For 12C we performed the same polarization-fitting proce-
dure and present the results in Fig. 3. Unlike in our results
for 2H, the measured Px for 12C is non-zero when binned in
pmiss. While a non-zero Px at coplanar kinematics is theo-
retically forbidden (see [5]), our data are not restricted to
coplanarity, and therefore we do not require Px to be zero.
The non-zero values of Px in the left panels of Fig. 3 reflect
the distributions of other kinematic variables (such as φpq)
within each pmiss bin. We will discuss this in further detail
in Sec. 6, where we will show that Px is highly dependent
on φpq.
The component Py for the s-shell data (upper part of
the right panel of Fig. 3) appears to be nearly constant at
Py ≈ −0.04 as function of pmiss, while the p-shell data show
a significant variation with pmiss.
A comparison of our 12C data for Py with the earlier MIT
measurements [14] is shown in the supplementary material.
We found that our data are consistent with the latter when
restricting the range of φpq in our data sample to match
that of [14] (i.e., near 180◦) and comparing them at the
same |pmiss|.
The calculations for the 12C events using samples of s-
shell and p-shell data from both kinematic sets, with (with-
out) the L · S part of the optical potential, as functions of
the binned pmiss, are shown in Fig. 3 as solid black (dashed,
green online) curves. The results including the L · S term
show much larger deviations from zero than the results
without it, indicating that most of the deviation from zero
originates from the L · S term.
The Px curves are non-zero, and reflect the asymmetries
of the kinematics of the accepted events. For Py, the full-
potential calculation (solid black) curves are above the mea-
sured data points by up to 0.05, and in some cases, the
calculations have the opposite sign of the measured Py.
6 Dependence on off-coplanarity
In order to examine the φpq dependence of Px and Py, we
performed the fits to the data in bins of φpq.
The results for 2H at the negative-pmiss kinematic set-
tings (C and D) are shown in Fig. 4. These are the only
two settings for which we observe a significant φpq depen-
dence in the data (for completeness, the results for the other
settings are shown in the supplementary material). In both
of these two settings, the Px have a sine-shaped dependence
on φpq, albeit with opposite signs for the two settings. In all
six of the 2H settings, Py shows no statistically significant
variation with respect to φpq.
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Figure 5: For 12C, the φpq dependence of the measured polarization components Px (left panels) and Py (right panels) compared to theory.
These are shown for s-shell knockout for both kinematic settings (top panels), and for p-shell knockout at small pmiss (Setting A, middle panels)
and large negative pmiss (Setting G, bottom panels). Calculations with (without) the L · S part of the optical potential are shown as solid black
(dashed, green online) curves. In the top panels, the curves for Setting A are shown in grey (light green online for no-L · S) in order to contrast
with those of Setting G.
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The theory predicts for Px for Setting C an almost van-
ishing φpq dependence in contrast to the data, while for
Setting D a small sine-shaped behavior is obtained, how-
ever, with a much smaller amplitude than the much more
pronounced data. For Py the agreement with the data ap-
pears to be better. For both settings, there is only a small
variation in Py with respect to φpq, and its amplitude is
larger for Setting D than for Setting C. Furthermore, one
notes for both components a sizeable contribution for the
case where the L · S-part is switched-off.
The results for 12C are shown in Fig. 5. The Px results
have a negative sine-like shape, with nearly the same am-
plitude for s-shell knockout from both kinematic settings as
well as for p-shell knockout at large negative pmiss (Setting
G); the latter however has a more pronounced asymmetry
between the regions of positive and negative φpq. A pos-
sible explanation for this asymmetry is that the accepted
events with positive and negative φpq have slightly different
kinematics from one another, due to acceptance effects. For
p-shell knockout at small pmiss (Setting A) the amplitude is
considerably larger. In near-coplanar kinematics (φpq ≈ 0◦
or ±180◦), the measured Px is consistent with zero.
The component Py exhibits a similar φpq dependence in
s-shell knockout (top right panel) and p-shell knockout at
large |pmiss| (Setting G, lowest right panel) being approxi-
mately constant at −0.05. However, for p-shell knockout at
small pmiss (Setting A, middle right panel), Py has a large
cosine-like φpq dependence.
The theoretical results with (without) the L · S part of
the optical potential are displayed in Fig. 5 as solid black
(dashed, green online) curves. The calculations predict in
contrast to the data a much smaller Px for the s shell than
shown by the data, moreover with the opposite sign. For the
p-shell knockout at Setting G (left lowest panel) Px is almost
vanishing. For the p-shell knockout at Setting A (left middle
panel), Px shows a distorted sine-like dependence, similar
to the data, but with an about 35% smaller amplitude.
For Py (right panels) the theory agrees much better with
the data than for Px. For s-shell knockout there appears
to be an offset by about 0.05 compared to the data. In
particular for φpq near ±180◦, the theory predicts a posi-
tive value in contrast to the data. On the other hand, for
p-shell knockout (middle and lower right panels) the agree-
ment is quite good. For the p-shell knockout in Setting
A, the amplitude of Py increases as pmiss approaches zero,
both in the data and in the calculations, as shown in the
supplementary material.
When performing the calculations with the L · S term
of the potential switched off (dashed curves, green online),
both components of the induced polarization are nearly
zero, except for p-shell knockout at pmiss near zero (Set-
ting A). In that region, the no-L · S curves are not close
to zero and show a stronger oscillatory behavior but with a
smaller amplitude, about one third of the one with the L ·S
term included.
7 Conclusions
We have measured in A(e, e′~p ) the induced polarization
components Px and Py for both 12C and 2H, greatly extend-
ing the kinematic range of previous Py-only measurements
for both nuclei. Within the regions where our kinematics
overlap in pmiss and φpq with the existing experiments, our
data are consistent with the other experiments. We find
that in the regions where the induced polarization depends
on φpq, the dependence is sine-like for Px and cosine-like for
Py.
For both nuclei, Px is consistent with zero for near-
coplanar events, as expected. However, the theoretical re-
sults for Px for both nuclei predict a considerably smaller
Px than reflected in the data, moreover in some cases with
the opposite sign.
For 2H, the induced polarization is near zero at small
|pmiss|. Px shows no significant deviation from zero except
at the negative-pmiss settings, where it shows a dependency
on φpq. Py becomes increasingly negative at larger |pmiss|.
This is consistent with the calculations, although the data
show a significantly steeper decrease at negative pmiss. Py
shows no significant dependence on φpq at any of the kine-
matic settings in this work. In the calculations, most of the
deviation of Py from zero comes from the L · S interaction.
For 12C, the measured φpq dependence of Px shows a
pronounced negative sine-like shape in both s- and p-shell
knockout which is not reflected in the theoretical results.
For the s-shell knockout, Py has no strong dependence on
either pmiss nor φpq. However, for p-shell knockout from
12C, Py is strongly dependent on φpq at small pmiss, and Px
is also more strongly dependent on φpq than in any other re-
gion explored in this work. This behavior at small pmiss for
p-shell knockout is reproduced by the calculations, wherein
the large dependence on φpq is mainly due to the spin-orbit
term of the FSI.
The new data presented in this work provide a rich op-
portunity to further fine-tune the L · S part of the optical
and NN potentials.
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Supplementary Materials
S.1 Determination of false asymmetries us-
ing elastic ep measurements
In order to determine the false asymmetry of the polarimeter,
we performed measurements using a hydrogen target, for which
the induced polarization is expected to vanish. The settings for
both spectrometers were similar to Setting A, except that we
scanned through several proton-momentum settings in order to
cover a large range of the focal plane with ep data (for which
the proton’s momentum and angle are correlated with one an-
other). The event samples from each of the proton spectrometer
momentum settings were combined.
As noted in the paper, we performed the fit for the false asym-
metry by maximizing the log likelihood
logL =
∑
events
log
1 + ~AT ·
 − sin ΦFPPcos ΦFPP
0
 , (5)
for the ep event sample, where ΦFPP is the azimuthal angle of
the secondary scattering and ~A is the false asymmetry in the
focal plane coordinate system, parameterized as
~A =
 ax0 + ax1φvthay0 + ay1θvth
0
 , (6)
where θvth and φvth are the incident angles of the proton trajec-
tory extrapolated from the VDCs to the HDCs. ax0 , ax1 , a
y
0 , and
ay1 are the fitted coefficients.
To validate the fits for the false asymmetry, we divided the ep
event sample into slices by three of the proton kinematic vari-
ables: its momentum (divided by the reference momentum of the
spectrometer setting), its polar angle θp, and its azimuthal an-
gle φp, and performed fits for the components PFPPx and PFPPy
of the induced polarization in the focal-plane coordinates for
each slice. These fits were performed with (blue filled circles,
connected by solid lines) and without (orange open circles, con-
nected by dashed lines) the corrections for the false asymmetry,
as shown in Fig. S.1. The corrected values of PFPPx (top) and
PFPPy (bottom) are consistent with zero. The uncorrected val-
ues of PFPPx are slightly higher than zero, whereas those of PFPPy
are large, especially when |φp−180◦| is large, indicating that the
corrections for the former are small while those of the latter are
large.
The ep sample used for the false-asymmetry determination
were taken in 2012, just before the 2H measurements at Settings
A-D were obtained. We used three checks to validate the long-
term stability of the false-asymmetry parameterization between
the four run periods. First, we compared the 12C data for at
Setting G taken in the 2015 run period with the data taken at
the same setting during the 2017 run period, and found that
these are consistent within error of each other. Second, the 2H
data at Settings A and F (which are very similar kinematics to
one another), taken in 2012 and 2016 respectively, are consistent
with one another within error. Finally, we checked that the
results for Px (in interaction-point coordinates) at φpq near 0◦
and ±180◦ in all four run periods are consistent with zero within
error, as expected. Together, these checks indicate that the false
asymmetry is stable between the run periods.
S.2 Comparison of 12C data to MIT results
In Fig. S.2, we compare our 12C measurements (half-filled
triangles and circles) to those from MIT [14] (filled diamonds)
which were taken at φpq centered at 180◦. For this comparison,
we selected only the events with |φpq| > 135◦ for consistency
with the the kinematics of the MIT measurements. Following
[14], we plot our s-shell data separately for two bins in Emiss: 29
to 39 MeV/c and 39 to 50 MeV/c. The data are shown in bins
of |pmiss|.
For the p-shell knockout, both our high-|φpq| data and those
of [14] have large negative Py at small |pmiss| and small negative
Py at large |pmiss|. We fitted our data and those of [14] to a
straight line and show this fit as a dashed green line in the top
panel of Fig. S.2. Both datasets are consistent with the fit within
error (χ2 = 3.3 with 9 degrees of freedom; pval = 0.95).
For the s-shell knockout, we took the weighted average
(horizontal-line fit) of Py for our measurements and those of [14]
and obtained P avgy = −0.03. This is shown as a purple dashed
line in the middle and bottom panels of Fig. S.2. Both our data
and those of [14] are consistent within uncertainty of this value
(χ2 = 19.7, with 21 d.o.f.; pval = 0.54).
S.3 φpq-dependence of the induced polar-
ization in 2H
In Fig. S.3, we show the dependence of Px and Py on φpq for
all six kinematic settings in both the data and the calculations.
For Px, there is no statistically significant variation in the data
except in Settings C and D, as noted in the paper. Py shows no
significant dependence on φpq, while the calculation-curves are
nearly flat for all six settings except Setting D (large negative
pmiss, at Q2 = 0.18 (GeV/c)2).
S.4 φpq-dependence of the induced polar-
ization in 12C at small pmiss
As noted in the paper, the data at Setting A for p-shell knock-
out has a large φpq-dependence for Py, while the rest of the data
show no such dependence. This was observed in both the data
and the calculations. We also found that Px for this subset of
the data is also larger in magnitude than for the rest of the data.
In order to determine if this φpq dependence is correlated with
pmiss, we partitioned the p-shell data into slices by pmiss, and plot
the φpq dependence for each slice in Figs. S.4 (Setting G) and
S.5 (Setting A). A purple dotted curve represents a fit to the
data in each slice by the equations
Px = ax + bx sinφpq (7)
and
Py = ay + by cosφpq. (8)
The values of bx and by (which consider the φpq dependence of
Px and Py) are shown in Fig. S.6. The fit parameter bx is small at
large negative pmiss (Setting G), and increases in absolute value
to a negative plateau as pmiss approaches 0 in Setting A. The fit
parameter by is near zero for large pmiss (Setting G) and reaches
a sharp peak at pmiss = 0 (middle of Setting A). The calculations
curves for Px at Setting G are flat with respect to φpq, whereas
the data suggest otherwise, as reflected by the non-zero bx in the
fits.
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Figure S.1: The residual induced polarizations in focal-plane coordinates, PFPPx (top panels) and PFPPy (bottom panels) measured for ep scattering,
without (orange, open circles, connected by a dashed line) and with (blue, filled circles, connected by a solid line) corrections for the false asymmetry.
These are presented in slices of the relative momentum of the proton (left), polar angle (middle), and azimuthal angle (right)
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Figure S.5: Same as Fig. S.4, for Setting A.
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Figure S.6: The parameters bx and by from the fits Px = ax +
bx sinφpq and Py = ay + by sinφpq . These parameters describe the
φpq dependence of Px and Py respectively.
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